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Abstract
In the present work, we have extended the standard model by an abelian U(1)X gauge group and
additional particles. In particular, we have extended the particle content by three right handed neutri-
nos, two singlet scalars and two vector like leptons. Charged assignments under different gauge groups
are such that the model is gauge anomaly free and the anomaly contributions cancel among genera-
tions. Once the symmetry gets broken then three physical Higgses are produced, one axion like particle
(ALP), which also acts as the keV scale FIMP dark matter, is produced and the remaining component
is absorbed by the extra gauge boson. Firstly, we have successfully generated neutrino mass by the
type-I seesaw mechanism for normal hierarchy with the 3σ bound on the oscillation parameters. The
ALP in the present model can explain the Xenon-1T electron recoil signal at keV scale through its
coupling with the electron. We also have vector like leptons which help in producing the dark matter
from their decay by the freeze in mechanism. Electron and tauon get mass from dimensional-5 operators
at Planck scale and if we consider the vevs v1,2 ' 1012 GeV then we can obtain the correct value of
the electron mass but not the tauon mass. Vector like leptons help in getting the correct value of the
tauon mass through another higher dimensional operator which also has a role in DM production by
the 2 → 2 process, giving the correct ballpark value of relic density for suitable reheat temperature of
the Universe. We have shown that the ALP production by the higher dimensional operator can explain
the electron, tauon mass and Xenon-1T signal simultaneously whereas the decay production can not
explain all of them together.
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I. INTRODUCTION
The standard model (SM) is a very successful theory in describing nature without any doubt.
Although its tremendous success, the SM has few flaws which can not be addressed within its
particle content and gauge structure. The most noticeable limitations of the SM are the absence
of a suitable dark matter (DM) candidate and neutrino masses. The presence of DM is a very well
established phenomenon and has been confirmed by many experiments namely Galaxy rotation
curve [1], Bullet cluster [2, 3], gravitational lensing [4] and the measurements of the Cosmic
Microwave Background (CMB) [5, 6]. The satellite borne CMB experiments, WMAP [5] and
Planck [6] have measured the DM relic density (Ωh2) with an unprecedented accuracy which is,
0.1172 ≤ Ωh2 ≤ 0.1226 . (1)
Moreover, in the SM neutrinos are massless, but from oscillation experiments, it is well established
that neutrinos are massive in order to explain the flavour oscillation among the different flavours
[7–17]. After a rigorous search of DM at the collider, direct detection and indirect detection
experiments, finally, Xenon-1T collaboration has announced their discovery in the searches of
new physics with low-energy electronic recoil data. They observed excess events over the known
backgrounds in 1 to 7 keV range [18]. The Xenon-1T experiment consisting of 1042 kg of
cylindrical fiducial volume with 226.9 active days i.e. in total 0.65 tonne-year exposure, has
observed 285 electron recoil events in the range 1 − 7 keV in compared to the expected 232 ±
15 background events, which gives 3.3σ Poissonian fluctuation. Xenon-1T considered many
background models as listed in [18], among them, the prominent ones are the Pb, Kr, Xe, I and
solar neutrinos in the region of interest (ROI) 1−210 keV. With the 0.65 tonne-year exposure of
SR1 they can not explain the excess events. There are a couple of possible scenarios discussed in
[18] which can explain the above excess namely solar axion, neutrino with the magnetic moment
and bosonic dark matter. The background model is rejected at the 3.5σ, 3.2σ and 3 σ for the solar
axion, neutrino magnetic moment and bosonic dark matter model, respectively. The parameter
space needed to explain Xenon-1T signal for solar axion and neutrino magnetic moment model
is in strong tension with the stellar cooling [19–23] and white dwarf [24], globular cluster [25],
respectively. Moreover, if one considers the tritium background which is neither confirmed nor
excluded, then the significance of solar axion model is reduced to 2.1σ and the neutrino magnetic
moment model to 0.9σ.
In the present work, we are going to explain the signal by an axion like particle (ALP), a,
which will be pseudo Nambu Goldstone boson (PNGB) produced due to a Peccei-Quinn type
global symmetry breaking. The general structure of the Lagrangian of this kind of ALP is,
LALP = (∂µa)2 −m2aa2 +
gaγγ
4
aFµνF˜
µν +
gaee
2me
(∂µa)e¯γ
µγ5e (2)
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By using the relation ∂µ(e¯γ
µγ5e) = 2imee¯γ5e, we can write the above equation in the following
way,
LALP = (∂µa)2 −m2aa2 +
gaγγ
4
aFµνF˜
µν + igaeeae¯γ5e (3)
As shown in [26], the best fit values for explaining the Xenon-1T signal by the ALP are the
following,
ma = 2.5 keV , gaee = 2.5× 10−14 . (4)
To put the constraints on the dimensionless parameters, we can redefine the couplings in the
following way,
gaγγ =
αem
2piV
gaγγeff , gaee =
me
V
gaeeeff (5)
where V is the ALP decay constant, gaγγeff and g
aee
eff are the effective coupling of axion to γγ and
ee, respectively. We can put constraint on the gaγγeff parameter from the cosmic X-ray background
(CXB) for keV scale DM candidate (which corresponds to the frequency 2.98×1017 Hz) as follows
[27],
gaγγeff
gaeeeff
≤ 3.1× 10−3
(
2.5 keV
ma
)3/2
×
(
2.7× 10−14
gaee
)
. (6)
In the literature, there are extensive studies to explain the Xenon-1T signal by considering DM
as its origin and can be found in the Refs. ([28–69]). To accomplish the dark matter, neutrino
mass and the general ALP model described above (as shown in Eq. (3)), we have extended SM
by additional particles and gauge group. In particular, we have extended the SM gauge structure
by an additional local gauge group U(1)X , three right handed neutrinos, two singlet scalars and
two vector like leptons doublet. We have assigned the gauge charges to all the particles (SM as
well as beyond SM particles) in such a way so that the gauge anomaly cancels automatically.
For the Higgs doublet among four degrees of freedom (d.o.f), three of them are absorbed by the
W± and Z bosons. The remaining four d.o.f for the two singlet scalars, one of them absorbed by
the extra gauge boson present due to the additional gauge group, one of them act as the axion
like particle (ALP) and the remaining two become physical Higgses. Since the main motive
apart from explaining the neutrino mass is to explain the Xenon-1T signal from DM point of
view, in the present work, ALP (denoted as a) which is also feebly interacting massive particle
(FIMP) dark matter takes a significant role in the phenomenology. Physical Higgses (defined as
h, h1 and h2) do not actively take part in the phenomenology we are interested in this work.
Nevertheless if one studies the collider signature of the vector like lepton then the physical Higgses
play an important role in giving novel signatures to detect vector like leptons at the collider.
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The charges of the two singlet Higgses are assigned in such a way that the ALP is massless
and it can achieve mass from the higher dimensional operator at the Planck scale. We consider
a global symmetry, U(1)g, like Peccei-Quinn symmetry and ALP is produced when the global
symmetry gets broken at the intermediate scale and the extra singlet scalars take vevs. The ALP
coupling to two electrons also appears when the global symmetry breaks and it is necessary to
explain the Xenon-1T signal of electron recoil at keV range. We assign the global charges to
the particles in such a way so that U(1)g × U(1)em × U(1)em is anomaly free. Because of this
anomaly cancellation, the ALP coupling to two photons is suppressed and can evade the present
day strong bound from CXB [27]. Although in the present work, we are not discussing collider
signature of the vector like lepton, still it takes an important role in the production of the ALP
by the freeze-in mechanism. We can produce the ALP by making the associated Yukawa coupling
strength of ALP with the vector like lepton very small which is O(10−8). Moreover, the vector
like lepton is heavy compared to the associated particles and we can have dimension-5 operator
after eliminating the vector like lepton, which can also produce DM by the 2 → 2 process for
suitable values of the reheat temperature [70, 71].
Rest of the paper is organised in the following way. In Section II, we have discussed the
present model in detail. Neutrino mass and allowed parameter space after satisfying oscillation
have been covered in Section III. Section IV focuses on the Xenon-1T signal and production of
dark matter by the freeze in mechanism. Finally we conclude in Section V.
II. MODEL
In the present work, we have considered a U(1)X extension of the SM gauge group. Besides,
the gauge group, SM particle has also been extended by three right handed neutrino, one pair of
vector like leptons and two singlet scalars. All the particles are charged under the extra gauge
group and in particular, they are charged in such a way so that gauge anomaly is absent. In
Table I and II, we have shown the SM particles and beyond SM particles with the corresponding
charges under the complete gauge group SU(3)c × SU(2)L × U(1)Y × U(1)X .
The complete Lagrangian for the above particle spectrum which consist of kinetic term,
Yukawa term and potential is as follows,
L = Lkin + Llepton + Lφikin + LN + |Dµφh|2 + yuijQiU cj H¯ + ydijQiDcjH + yV L1 V Ll1Ec1H
+yV L3 V Ll3E
c
3H + y
φ1
1 φ1LeV L
c
l1 + y
φ1
3 φ¯1LτV L
c
l3 −MV Ll1V Ll1V Lcl1 −MV Ll3V Ll3V Lcl3
−V(φh, φ1, φ2) (7)
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Gauge
Group
SU(3)c
SU(2)L
U(1)Y
U(1)X
Fermions
Qi U
c
i D
c
i Le Lµ Lτ E
c
e E
c
µ E
c
τ
3 3¯ 3¯ 1 1 1 1 1 1
2 1 1 2 2 2 1 1 1
1/6 −2/3 1/3 −1/2 −1/2 −1/2 1 1 1
0 0 0 −n 0 n (n− 1) 0 −(n− 1)
Scalars
φh
1
2
−1/2
0
Table I: SM particles and their corresponding charges under complete gauge group.
Gauge
Group
SU(3)c
SU(2)L
U(1)Y
U(1)Lτ−Le
Fermions
N ce N
c
µ N
c
τ V Ll1 V L
c
l1 V Ll3 V L
c
l3
1 1 1 1 1 1 1
1 1 1 2 2 2 2
0 0 0 −1/2 1/2 −1/2 1/2
n 0 −n −(n− 1) (n− 1) (n− 1) −(n− 1)
Scalars
φ1 φ2
1 1
1 1
0 0
1 n
Table II: BSM particles and their corresponding charges under complete gauge group.
where Lkin is the kinetic term for all the fermions and has the general form Lkin = f¯γµDµf , f
is the corresponding fermion and Dµ is the covariant derivative with different form depending
on the gauge charges of fermion f . Llep contains the Yukawa terms associated with the leptons
and further discussion on it is given in Eq. (29) in Section IV. Lφikin is the kinetic term for the
extra singlet scalars φi (i = 1, 2) and U(1)X gauge boson Z
′ as shown in Eq. (19). LN is the
Lagrangian associated with the Dirac neutrino mass of the neutrinos and the Majorana mass
term for the right handed neutrinos,
LN = yeeLeφhN ce + yµµLµφhN cµ + yττLτφhN cτ + yφ2eµLeφhN cµ
φ2
MPl
+ yφ2µeLµφhN
c
e
φ†2
MPl
+yφ2µτLµφhNτ
φ2
MPl
+ yφ2τµLτφhN
c
µ
φ†2
MPl
+ YeµN
c
eN
c
µφ
†
2 +MeτN
c
eN
c
τ +MµµN
c
µN
c
µ
+YµτN
c
µN
c
τφ2 + h.c. (8)
The potential for the present model takes the following form,
V(φh, φ1, φ2) = −µ2h(φ†hφh) + λh(φ†hφh)2 − µ2i (φ†iφi) +
∑
i=1,2
λφi(φ
†
iφi)
2 + λ12(φ
†
1φ1)(φ
†
2φ2)
+
∑
i=1,2
λφhφi(φ
†
hφh)(φ
†
iφi) +
[
λφ1φ2φ
n
1φ
†
2
Mn−3Pl
+ h.c.
]
(9)
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Scalars take the following form at the time of the symmetry breaking
φh =
(
0
H+v√
2
)
, φ1 =
(
H1 + v1√
2
)
e
i
a1
v1 and φ2 =
(
H2 + v2√
2
)
e
i
a2
v2 . (10)
In the above equation we have shown the Higgses after taking vevs; in particular we have written
the SM Higgs doublet in the Unitary gauge and for the other two singlets with their CP odd
components. Due to the higher dimensional operator of the singlet Higgses at the Planck scale,
the CP odd components will mix among each other and one of them is absorbed by the extra
gauge boson and the remaining one will act as keV scale ALP, which is also FIMP dark matter
in the present model as will be discussed in the later part of the manuscript. From the scalar
potential, we can determine the tadpole free conditions and the Higgs’s masses, which are as
follows, (
∂V(φh, φ1, φ2)
∂φj
)
v,v1,v2
= 0 and
(
M2H
)
ij
=
(
∂2V(φh, φ1, φ2)
∂φi∂φj
)
v,v1,v2
, (11)
where φi,j = H,H1, H2. Since, the neutral part of the Higgs fields are not directly related with
the phenomenology in the present work, we neglect further discussion about its diagonalisation
and defining the mass eigenstates for the Higgses which are throughly studied in the literature, hh1
h2
 =
 c′12c′13 s′12c′13 s′13−s′12c′23 − c′12s′23s′13 c′12c′23 − s′12s′23s′13 s′23s′13
s′12s
′
23 − c′12c′23s′13 −c′12s′23 − s′12c′23s′13 c′23c′13

HH1
H2
 (12)
where c′ij = cos θ
′
ij and s
′
ij = sin θ
′
ij.
III. NEUTRINO MASS
As given in Eq. (8), we can write down the neutrino mass matrix after the SU(3)c×SU(2)L×
U(1)Y × U(1)X gauge group breaks down to SU(3)c × U(1)em as,
−LN =
(
ν N c
)( 0 MTD
MD MR
)(
ν
N c
)
(13)
where ν = (νe, νµ, ντ ), N
c = (N ce , N
c
µ, N
c
τ ). The Dirac mass matrix (MD) and the Majorana mass
matrix (MR) take the following form,
MD = md ij =

yeev√
2
yeµvv2√
2MPl
0
yµevv2√
2MPl
yµµv√
2
yµτvv2√
2MPl
0 yτµvv2√
2MPl
yττv√
2
 , i, j = e, µ, τ (14)
6
MR = mR ij =
 0
Yeµv2√
2
Meτe
iθ
Yeµv2√
2
Mµµ
Yµτv2√
2
Meτe
iθ Yµτv2√
2
0
 , i, j = e, µ, τ . (15)
In the case of the Majorana mass matrix, without loss of generality we have only considered
Yukawa terms up to dimension four. In the seesaw approximation after diagonalising the matrix
(as shown in Eq. (15)), one can have the light neutrino masses and heavy neutrino masses in the
following form, Type-I seesaw mechanisms,
mν = −MTDM−1R MD
MN = MR (16)
To obtain the allowed parameter space, we have considered neutrino oscillation parameters
namely sum of the light neutrino masses (
∑
i=1,2,3mνi), two mass square differences (∆m
2
12,
∆m213) and three mixing angles (θ12, θ13 and θ23) in the following range as obtained from Planck
collaboration [6] and neutrino oscillation experiments [72],
• cosmological upper bound on the sum of all three light neutrinos, ∑imi < 0.23 eV at 2σ
C.L. [6],
• mass squared differences 6.93 < ∆m
2
21
10−5
eV2 < 7.97 and 2.37 <
∆m231
10−3
eV2 < 2.63 in 3σ
range [72],
• all three mixing angles 30◦ < θ12 < 36.51◦, 37.99◦ < θ23 < 51.71◦ and 7.82◦ < θ13 < 9.02◦
also in 3σ range [72].
In generating the scatter plots among the model parameters, we have diagonalised the neutrino
mass matrices and collected those points which satisfy the neutrino oscillation data as given
earlier. We have varied neutrino mass matrix elements in the following range,
10−8 GeV ≤ md ij ≤ 10−4 GeV
10−6 GeV ≤ mR ij ≤ 102 GeV
0 ≤ θ ≤ pi (17)
where i, j = e, µ, τ . Now, we are going to show few scatter plots which are obtained for the
normal hierarchy of the neutrino mass matrix and one can obtain similar kind of plots for the
inverted hierarchy (IH) of the neutrino masses.
In the LP of Fig. (1), we have shown the variation in the md ee −md eµ plane after satisfying
the 3σ bound on two mass square differences and three mixing angles as listed before. One
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Figure 1: LP (RP): Scatter plot in the md ee − md eµ (md ee − mReτ ) plane after satisfying neutrino
oscillation data.
can easily see from the figure that there exist a sharp correlation between the md ee and md eµ
parameters. They also lie around the same ballpark value. One can see that most of the points
satisfy the ratio
md eµ
md ee
∼ 0.6 and from oscillation experiments we also know that tan(θ12) ∼ 0.6.
So we can conclude that this type of sharp correlation is coming from the θ12 bound of the
oscillation experiment. There are other points also on the upper side due to the variation of the
other parameters. On the other hand in the RP of the figure, we have shown the variation in the
md ee −mReτ plane after satisfying the oscillation data. In this figure, we can also notice that
there exist a correlation between these two parameters. This correlation is trying to obey the
bound
m2d ee
mReτ
≤ 10−10 GeV which is coming from the two mass square differences ∆m212, ∆m213
and sum of neutrino masses
∑
i=1,2,3mνi . There is also upper bound in the same plane for lower
values of md ee which is just coming from the bound
m2d ee
mReτ
≥ 10−15 because below this value mass
the square differences are very difficult to obtain in the 3σ range.
Fig. (2) shows the variation in the md eµ−mReτ and mRµµ−mRµτ planes after satisfying the
neutrino oscillation data. In particular, the LP draws the same kind of physics conclusion as
explained in the RP of Fig. (1). Here also the lower bound is coming from constraint
m2d eµ
mReτ
≤ 10−10
and a sharp upper bound is coming from
m2d eµ
mReτ
≥ 10−14. In the RP we have shown the variation
in mRµµ −mRµτ plane after satisfying the 3σ bound. We can see from the figure that both the
parameter can not take low values simultaneously but they can take higher values together and
are not ruled out by the oscillation data. Moreover, either of them can take a low value but at
the same time, the other parameter has to take a high value to satisfy the neutrino oscillation
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Figure 2: LP (RP): Scatter plot in the md eµ −mReτ (mRµµ −mRµτ ) plane after satisfying neutrino
oscillation data.
data.
IV. XENON-1T SIGNAL
As said in the model part (Section II), the CP even parts of the scalar fields are not directly
related with the phenomenology we are interested in this work. On the other hand, the CP odd
part of the singlet Higgses take a pivotal role in the present work, hence we are going to discuss
now the CP odd components. CP odd part can be written in the following manner,
φ1 =
v1√
2
e
i
a1
v1 and φ2 =
v2√
2
e
i
a2
v2 (18)
where it follows the vev condition |φi|2 = v
2
i
2
. Kinetic term for the extra singlet scalars and
(U(1)X) gauge boson take the following form,
Lφikin = −
1
4
F ′µνF
′µν +
∑
i=1,2
|Dµφi|2 (19)
where F ′µν is the field strength tensor associated with U(1)X gauge group. The covariant deriva-
tive takes the following form,
Diµ = ∂µ − ig′Z ′ni (20)
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where ni and g
′ are the U(1)X gauge charge and gauge coupling. By expanding the covariant
derivative in Eq. (19), we have the kinetic term as follows,
Lφikin = −
1
4
(
F ′µν
)2
+
1
2
(∂µa1)
2 +
1
2
(∂µa2)
2 +
M2Z′
2
(
Z ′µ
)2 − g′Z ′µ∂µ [n1v1a1 + n2v2a2] (21)
where the gauge boson mass has the following form,
MZ′ = g
′ 2 (n21v21 + n22v22) . (22)
We can redefine a1 and a2 in terms of mass basis a and GZ′ as follows,
a =
1√
n21v
2
1 + n
2
2v
2
2
[n2v2a1 − n1v1a2]
GZ′ =
1√
n21v
2
1 + n
2
2v
2
2
[n1v1a1 + n2v2a2] . (23)
Therefore, in terms of a and GZ′ Eq. (21) takes the following form,
Lφikin = −
1
4
(
F ′µν
)2
+
1
2
(∂µa)
2 +
1
2
M2Z′
(
Z ′ − ∂µGZ′
MZ′
)2
(24)
The above Lagrangian is in Stu¨ckelberg form and it is clearly visible that the GZ′ degree of
freedom is becoming the transverse component of Z ′ and makes it massive. The other CP odd
component “a” is massless. If we consider the higher dimensional operator which is consist of φ1
and φ2 as given in Eq. (9),
VHDO = λφ1φ2φ
n
1φ
†
2
Mn−3Pl
+ h.c. . (25)
By using the form as given in Eq. (18), we can write the above HDO in the following way,
VHDO = λφ1φ2v
n
1 v2
2
n+1
2 Mn−3Pl
e
i
(
nv2a1−v1a2
v1v2
)
+ h.c.
=
λφ1φ2v
n
1 v2
2
n+1
2 Mn−3Pl
ei
a
V + h.c. (26)
where V = v1v2√
n21v
2
1+n
2
2v
2
2
and we have used the definition of a. Expanding the above expression we
get,
VHDO = 2λφ1φ2v
n
1 v2
2
n+1
2 Mn−3Pl
(
1− a
2
2V 2
+ ...
)
. (27)
Finally we get mass of ALP a which is m2a =
2λφ1φ2v
n
1 v2
2
n+1
2 Mn−3Pl V 2
.
10
Figure 3: Scatter plot in the v1−v2 plane where green points are after demanding ALP mass in between
1-100 keV. Magenta region satisfies the electron and tauon mass by suitably choosing ye, y
V L
1 , y
V L
3 and
yτ values. Cyanide region is disallowed by the electron and tauon mass. We have kept fixed λφ1φ2 = 1,
yφ11,3 = 10
−8 and considered reduced value of the Planck mass, MPl = 2.43× 1018 GeV.
In Fig. (3), we have shown the variation in the v1 − v2 plane for n = 8 which is the U(1)X
charge of φ2. Magenta region is allowed from the electron and tauon mass whereas cyanide region
is disallowed from the electron and muon mass. Green points are obtained after demanding the
ALP mass in the 1-100 keV range. To satisfy, the electron mass, muon mass and axion mass in
the keV range, we need n ≥ 8 which is the U(1)X charge of φ2 singlet scalar. We can say from
the electron, muon and keV order ALP mass bound that the U(1)X charge of n < 8 is already
ruled out. Although, in generating the scatter plot we have considered λφ1φ2 = 1 and if we take
the other value of λφ1φ2 then it will accordingly change the bound on n.
Since our main target is to explain the Xenon-1T signal, we have to discuss about the ALP
coupling with electrons. As given in Eq. (7) if we integrated out the vector like leptons (more
discussion is in Section IV A 2) then we get the following terms,
Llepton ⊃ −y
V L
1 y
φ1
1
MV L1
φ1LeE
c
eφh − yeLeφhEce
φ1
MPl
− yµLµφhEcµ −
yV L3 y
φ1
3
MV L3
φ¯1LτE
c
τφh
−yτLτφhEcτ
φ¯1
MPl
+ h.c. , (28)
once φ1 and φh take vevs then we get,
Llepton ⊃ −meleEceei
a1
v1 −mµlµEcµ −mτ lτEcτe−i
a1
v1 + h.c. (29)
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where me =
(
yV L1 y
φ1
1 vv1
2MV L1
+ yevv1
2MPl
)
, mµ =
yµv√
2
and mτ =
(
yV L3 y
φ1
3 vv1
2MV L3
+ yτvv1
2MPl
)
are the electron, muon
and tauon mass. One important think to note here is that the ALP coupling to electron (gaee)
is given by
gaee ' meV
v21
= 2.5× 10−14
(
V × 2× 1010 GeV
v21
)
(30)
We consider a global symmetry U(1)g and leptons are charged under this global symmetry. Once
the global symmetry gets broken then pseudo Nambu Goldstone boson (PNGB) is produced
which acquire keV order mass from the higher dimensional operator as discussed before. We
assign the global charge in such a way so that it is anomaly free and naturally the decay of
PNGB to γγ is suppressed. We are working in keV range PNGB, hence it will not decay directly
to electrons but can decay to γγ. By integrating out electron and tauon, we generate the following
kind of interaction [73],
Leff ' −(1− 1) αem
4piv1
a1FµνF˜
µν +
αem
48piv1
(
1
m2e
− 1
m2τ
)[
(∂2a1)FµνF˜
µν + 2a1Fµν∂
2F˜ µν
]
, (31)
first term comes from the anomaly U(1)g−U(1)em−U(1)em and we chose the global charge such
that the anomaly is zero in the present case. The second term is the threshold correction. Since
we will be dealing with the on shell PNGB, hence we can use the on shell condition which turn
the above equation into the following form,
Leff ' αemV m
2
a
48piv21
(
1
m2e
− 1
m2τ
)
aFµνF˜
µν (32)
where we have used a1 =
n1v1GZ′+n2v2a√
n21v
2
1+n
2
2v
2
2
. Decay rate of PNGB, a, to γγ is given by,
Γa→γγ ' αemm
7
a
9216pi3(
v21
V
)2
× 1
m4e
. (33)
We can now estimate the lifetime of the keV scale axion like particle a which only decay to γγ
(since ma < 2ml, ml is the lepton mass) is given by,
τa→γγ =
1
Γa→γγ
' 3.9× 1031
( ma
2.5 keV
)−7( v21
V × 1010 GeV
)2
. (34)
The decay lifetime of the ALP is larger than the age of the Universe and also safe from the
X-ray bound, hence it can be a viable DM candidate. In the literature this kind of DM has been
produced thermally and misalignment mechanism as described in [54, 73]. By suitably choosing
the ALP decay constant, one can reduce the thermal production of ALP. Moreover, We assume
that inflation happens after the global symmetry gets broken. Therefore, we can reduce the
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DM production by misalignment mechanism by choosing the lower value of the initial oscillation
amplitude. In the present work, we are going to produce the keV scale DM by the freeze-in
mechanism namely from the decay of the vector like fermion and from the HDO as given in
Eqs. (7), (28). Now we are going to discuss the freeze-in production of keV scale ALP by two
different kind of interactions.
A. keV scale FIMP DM
1. Decay Contribution
As given in Eq. (7), we can produce the keV scale DM from the decay of the vector like doublet
fermion through freeze-in mechanism by making the corresponding coupling in the feeble range.
In Fig. (4), we have shown the out of equilibrium condition of keV range DM for 5 TeV vector like
lepton for three different values of coupling strength. In Fig. (4), we have shown the variation of
yΦ11  = 10-8
yΦ11  = 10-7
yΦ11  =  10-6
H
<Γ> = 1
T = MVLl1 = 5 TeV
 H< Γ 
>
10−12
10−9
10−6
10−3
1
1000
z (= TMVLl1)
0.01 0.1 1 10
Figure 4: <Γ>H variation with z for three different values of y
φ1
1 .
<Γ>
H
with z where < Γ >= ΓV Ll1→La
K1(z)
K2(z)
and H =
1.66
√
gρ∗T 2
MPl
are the thermal average of the decay
width and Hubble parameter, respectively. K1(z), K2(z) are the modified Bessel function for the
first kind and second kind, gρ∗ is the matter d.o.f of the Universe and z =
MV Ll1
T
. In the figure one
can easily see that at T ∼ MV Ll1 , the out of equilibrium condition <Γ>H < 1 is always satisfied.
If we increase the yφ11 value greater than 10
−6, then we say that it will reach equilibrium. So to
be on the safe side we consider in the present work yφ11,3 ∼ 10−8 and the vector like lepton mass
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in the TeV range. The Boltzmann equation for determining the decay contribution takes the
following form,
dYa
dz
=
MPl
1.66MV Ll1
z
√
g∗(z)
gs(z)
[∑
i=1,3
< ΓV Lli→La >
(
Y eqV Lli − Ya
)]
(35)
where Ya =
na
s
is the comoving number density of a and s is the entropy, s = 2pi
2gs∗T 3
45
, of the
Universe. g∗(z) is a parameter which depends on the matter (gρ(z)) and entropy (gs(z)) d.o.f of
the Universe in the following way,√
g∗(z) =
gs(z)√
gρ(z)
(
1− 1
3
d ln gs(z)
d ln z
)
. (36)
< ΓV Lli→La > is the thermal average of the decay width of vector like lepton V Lli (i=1, 3) as
defined earlier. As shown in [70, 71], one can approximately solve the above Boltzmann equation
and gets the following analytical expression of the DM relic density,
Ωah
2 =
∑
i=1,3
1.09× 1027gV LlimaΓV Lli
gs∗
√
gρ∗M2V Lli
(37)
In generating the Fig. (5), we have varied the three parameters namely ALP mass ma, Yukawa
Figure 5: LP (RP): Scatter plot in ma − yφ13 (ma −MV Ll3) plane after satisfying the DM relic density
bound obtained from Planck satellite.
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coupling yφ13 and vector like lepton mass MV Ll3 in the following range
1,
1 keV ≤ ma ≤ 100 keV
10−7 ≤ yφ13 ≤ 10−10
1 TeV ≤MV Ll3 ≤ 100 TeV (38)
and we have used Eq. (37) for calculating the DM relic density. In the LP of Fig. (5), we have
shown the variation of dark matter mass with the coupling yφ13 . Here, we have considered vector
like lepton V Ll3 decay to dark matter. All the points satisfy the DM relic density bound as
obtained by the Planck collaboration [6]. As given in Eq. 37, the decay width takes the form,
when the daughter particles have negligible mass in compared to mother particle,
ΓV Ll3 =
(yφ13 )
2
16pi
MV Ll3 . (39)
We can now easily see from Eq. (37) that relic density is proportional to the DM mass ma and
the square of the Yukawa coupling yφ13 i.e. Ωah
2 ∝ ma(yφ13 )2. To satisfy the DM relic density it is
clear that both of them can not increase or decrease simultaneously, in other words, there must
exist anti-correlation between ma and y
φ1
3 which is visible in the LP of the figure. One can also
notice that there is also a disallowed region in the upper corner of the figure which corresponds
to the higher value of DM mass and large Yukawa coupling. This region overproduces the DM
hence is ruled out by the relic density bound. On the other hand in the RP of the figure, we have
shown variation in the ma −MV Ll3 plane after satisfying the DM relic density. As can be seen
from the Eq. (37) the DM relic density varies as Ωah
2 ∝ ma
MV Ll3
. Therefore, to satisfy the DM
relic density bound from Planck we expect that both of them will either increase or decrease at
the same time which means we expect a sharp correlation among the parameters which is clearly
shown in the RP of the figure.
2. Contribution from higher dimensional operator
Once we get rid of the vector type lepton V LL1, V LL3, then we get the following dimension-5
operator,
Ldim−5 = y
V L
1 y
φ1
1
MV Ll1
φ1LeE
c
eφh +
yV L3 y
φ1
3
MV Ll3
φ¯1LτE
c
τφh + h.c. . (40)
1 We have also assumed that same kind of contribution comes for V Ll1 decays and has been taken into account
in the decay contribution.
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Figure 6: Variation of reheat temperature (TR) with the coupling λ3 for DM mass between 1 to 100
keV. Magenta region corresponds to MV Ll3 > TR when y
V L
3 , y
φ1
3 ∼ 1. Cyan region is allowed by the
electron and tauon mass.
As discussed in [71], we can apply the freeze-in mechanism to produce the DM from the above
non-renormalisable interaction terms. The coupling strength of the above interactions are λi =
yV Li y
φ1
i
MV Lli
∼ 10−11 (i = 1, 3) which is in the ballpark value of the freeze-in coupling strength2. As
discussed for decay contribution, vector like lepton is in thermal equilibrium and ALP is produced
from its decay. In this case to achieve tauon mass (mτ ) we need v1 ∼ 1016 GeV (where tauon
mass, mτ =
yτvv1
MPl
) but this higher value of the vev can not explain the Xenon-1T signal because
it significantly reduces the ALP coupling strength to electrons as given in Eq. (30). Therefore,
to get the electron and tauon mass and the Xenon-1T benchmark point, we have to consider the
higher dimensional operator (HDO) as given in Eq. (40). Since the vector like lepton is integrated
out, so in this case the vector like lepton mass (MV Lli , i = 1, 3) has to be higher than the reheat
temperature of the Universe. So, for this scenario when MV Lli > TR (i =1, 3), the ALP is not
produced from the decay of V Lli (i = 1, 3) but it is produced from the HDO as given in Eq. (40).
For this case, the coupling λ3 is suppressed by the higher mass value of the vector like lepton
and we can choose yV L3 , y
φ1
3 ∼ O(1).
In the present case, we will be considering higher values of vector like lepton mass and the
reheat temperature (although MV Ll3 > TR) which implies that UV contribution is more relevant
to us than the IR contribution. Therefore, we will be focusing on the contribution coming
2 λ1 is suppressed by the electron mass so in our case λ3 takes an important role in DM production.
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from the non-renormalisable operator (as shown in Eq. (28)) which depends on the unknown UV
physics like reheat temperature TR. Considering the non-renormalisable operator only, we can
write down the Boltzmann equation for the production of the ALP a as follows [71],
dna
dt
+ 3naH '
∫
dpiadφhdpiLτdEcτ (2pi)
4δ4(pLτ + pEcτ − pa − pφh)|M |2LτEcτ→aφhfLτfEcτ . (41)
After manipulating the above equation we get,
dna
dt
+ 3naH ' T
2048pi6
∫
dsdΩ
√
s|M |2LτEcτ→aφhK1
(√
s
T
)
, (42)
where s is the centre of mass energy of the 2 → 2 process. Considering the fact that masses
of the interacting particles are negligible compared to the temperature we are working on. In
this limit, the matrix element is expressed as |M |2LτEcτ→aφh = λ23 s. After using this expression
Eq. (42) takes the following form,
dna
dt
+ 3naH ' Tλ
2
3
512pi5
∫ ∞
0
ds s3/2K1
(√
s
T
)
(43)
Defining the comoving number density, YUV =
na
s
and after integration, we get
dYUV
dT
' − 1
sHT
T 6λ23
16pi5
. (44)
Now, using the expression of entropy (s) and Hubble parameter (H), we get from the above
equation after integration,
YUV ' 0.4TRλ
2
3MPl
pi7gs∗
√
gρ∗
. (45)
Therefore, the relic density would be,
ΩUVa h
2 ' 2.755× 102
( ma
keV
)
YUV (46)
In Fig. (6), we have shown the allowed region in the λ3 − TR plane where λ3 = y
V L
3 y
φ1
3
MV Ll3
and TR
is the reheat temperature. Magenta region is coming when we impose the condition MV Ll3 > TR
for yV L3 , y
φ
3 ∼ 1, whereas the cyan region is allowed by the electron and tauon mass. All the green
points satisfy the dark matter relic density put by Planck collaboration. As seen in Eq. (45),
the comoving number density of the DM varies as YUV ∝ TRλ23 (as discussed the coupling λ1 is
suppressed due to electron mass so we are neglecting that coupling here). Therefore, the relic
density as well as the comoving number density response to λ3 and TR parameters anti-correlated
way i.e. DM relic density can be satisfied only when if λ3 is increased then TR has to be decreased
and vice versa. This type of behaviour is visible in the figure. The band of the green patch just
indicates that there is also variation in the ALP mass in the range (1 - 100) keV. Finally, we say
that the UV contribution can explain the electron mass, tauon mass, Xenon-1T signal and DM
relic density altogether.
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V. CONCLUSION
In this work, we have considered a U(1)X gauge extension of the SM gauge group, leptons
and extra particles are charged and quarks are neutral under this gauge group. We have also
extended the particle content by three right handed neutrinos, two vector like leptons and two
singlet scalars. We have assigned the U(1)X as well SM gauge group charges to the particles
in such a way that the model is gauge anomaly free. Due to the presence of the right handed
neutrinos, we can generate the neutrino mass by the type-I seesaw mechanism. We have shown
scatter plots among the neutrino mass parameters after satisfying the neutrino oscillation data
in 3σ range for normal hierarchy and one can extrapolate this part for the inverted hierarchy
as well. We also have two singlet scalars and among the four d.o.f, two of them act as the
physical Higgses, one is absorbed by the gauge boson and the remaining one act like ALP. We
can generate the coupling of the ALP with electron and by suitably adjusting the parameter we
can explain the Xenon-1T signal as well. The global symmetry introduced is anomaly free, hence
the axion coupling to photons is suppressed and can evade the CXB easily. We have considered
ALP as the FIMP type DM candidate and has been produced from the decay of the vector
like lepton. Moreover, ALP can be produced from the higher dimensional operator as well by
suitably adjusting the reheat temperature for heavy vector like lepton. We have also pointed
out that if we consider decay contribution to ALP production then it is difficult to explain the
lepton mass and Xenon-1T signal together. This problem can be resolved if we consider the ALP
production from the higher dimensional operator which appear when we integrated out the vector
like lepton. Since we have integrated out the vector like lepton, we have always followed that
vector like lepton mass is greater than the reheat temperature of the Universe. The present model
can explain the neutrino mass, Xenon-1T signal through ALP interaction with the electron. ALP
can also serve as the viable DM candidate of the Universe which can be successfully produced by
the freeze in mechanism either from the decay process or the annihilation process coming from
higher dimensional operator.
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